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Vacuolar proton pumping pyrophosphatase (H+-PPase; EC 3.6.1.1) plays a pivotal role in electrogenic translocation of protons from
cytosol to the vacuolar lumen at the expense of PPi hydrolysis. Alignment analysis on amino acid sequence demonstrates that vacuolar H
+-
PPase of mung bean contains six highly conserved histidine residues. Previous evidence indicated possible involvement of histidine
residue(s) in enzymatic activity and H+-translocation of vacuolar H+-PPase as determined by using histidine specific modifier,
diethylpyrocarbonate [J. Protein Chem. 21 (2002) 51]. In this study, we further attempted to identify the roles of histidine residues in mung
bean vacuolar H+-PPase by site-directed mutagenesis. A line of mutants with histidine residues singly replaced by alanine was constructed,
over-expressed in Saccharomyces cerevisiae, and then used to determine their enzymatic activities and proton translocations. Among the
mutants scrutinized, only the mutation of H716 significantly decreased the enzymatic activity, the proton transport, and the coupling ratio of
vacuolar H+-PPase. The enzymatic activity of H716A is relatively resistant to inhibition by diethylpyrocarbonate as compared to wild-type
and other mutants, indicating that H716 is probably the target residue for the attack by this modifier. The mutation at H716 of V-PPase shifted
the optimum pH value but not the T1/2 (pretreatment temperature at which half enzymatic activity is observed) for PPi hydrolytic activity.
Mutation of histidine residues obviously induced conformational changes of vacuolar H+-PPase as determined by immunoblotting analysis
after limited trypsin digestion. Furthermore, mutation of these histidine residues modified the inhibitory effects of F and Na+, but not that of
Ca2+. Single substitution of H704, H716 and H758 by alanine partially released the effect of K+ stimulation, indicating possible location of
K+ binding in the vicinity of domains surrounding these residues.
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1. Introduction amino acid sequences of vacuolar H+-PPases from severalVacuolar types of H+-pyrophosphatase (V-PPase; EC
3.6.1.1), found mainly in higher plants, some protozoa,
and several species of eubacteria and archeubacteria, cata-
lyze electrogenic H+-translocation from the cytosol to the
vacuolar lumen to generate an inside-acidic and inside-
positive membrane potential for the secondary transport of
ions, metabolites, and toxic substances [1–4]. Vacuolar H+-
PPase has been successfully purified from various sources
and was identified as a homodimer with a molecular mass of
approximately 145 kDa [1,2]. The cDNA and its deduced0005-2728/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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E-mail address: rlpan@life.nthu.edu.tw (R.L. Pan).higher plants and bacteria possess high degree of homology
and identity (86–91%) [1,3,4]. However, phylogenetic
analysis indicates that vacuolar H+-PPases are distinct from
three other types of proton pumping enzymes, i.e., P, F,
and vacuolar H+-ATPases, belonging to a novel proton
translocase family [4]. Vacuolar H+-PPase requires Mg2+
as a cofactor and the binding of Mg2+ can stabilize and
activate the enzyme [1,5]. Relatively high concentration of
K+ can stimulate vacuolar H+-PPase, while excess PPi,
Ca2+, Na+, and F inhibit its enzymatic activity [6–8]. It
is conceivable that vacuolar H+-PPase accommodates bind-
ing domains for the substrate and above ligands, as well as
proton translocation.
Amino acid sequence alignment of vacuolar H+-PPases
from various organisms revealed several highly conserved
regions involved in substrate binding [1,4,9]. For instance,
a putative substrate binding motif of DX7KXE on loop e
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cytosolic side have been proposed, respectively [4,9,10].
Nevertheless, essential regions and residues in the V-PPase
for the enzymatic function, proton translocation, and ligand
binding still require further elucidation. By using chemical
modification, previous studies have found some important
residues involved in the enzymatic activities [9,11–18].
Inhibition of vacuolar H+-PPase by arginine-specific
reagents, phenylglyoxal and 2,3-butanedione, showed that
at least one arginyl residue locates at its active site [11].
Results from tetranitromethane modification of vacuolar
H+-PPase suggested that the enzyme contains a substrate-
protectable tyrosine residue in a domain sensitive to treat-
ment of Cys-634 by NEM (N-ethylmaleimide) [12,14]. The
PPi hydrolytic activity of vacuolar H
+-PPase was markedly
decreased in a concentration-dependent manner by fluores-
cein 5V-isothiocyanate, indicating the involvement of a
lysine residue in enzymatic reactions [15]. Radioactively
labeling technique demonstrated Asp-283 of vacuolar H+-
PPase is essential to the enzymatic reaction [14,16]. Fur-
thermore, parallel application of mutational and conven-
tional biochemical methods revealed that the Glu-305 and
Asp-504 directly participate in DCCD (N,NV-dicyclohexyl-
carbodiimide) binding and are also critical for catalysis
[17]. Moreover, mutagenic analysis demonstrated that
Lys-261 and Glu-263 might be related to the energy
conversion from PPi hydrolysis to proton translocation
and several Asp residues might confer the binding of
Mg2+-PPi [9]. Notwithstanding, the exact structure and
catalytic properties of vacuolar H+-PPase still remain to
be determined.
It has been recently shown that a histidine residue is
possibly involved in the inhibition of enzymatic and H+
translocating activities of vacuolar H+-PPase by diethyl-
pyrocarbonate (DEPC), a histidine-specific modifier [18].
Furthermore, analysis of the amino acid sequence demon-
strates that vacuolar H+-PPase of mung bean contains six
histidine residues (Fig. 1). Most of these histidine residues
are relatively well conserved in higher plants. Since several
lines of evidence also indicate that histidine residues are
involved in proton transport [19–21], H+/peptide co-trans-Fig. 1. Amino acid alignment of fragments containing histidine residues from v
histidine residues from various sources were aligned using Clustal W program [40]
Residue numbers on the top of alignments indicate the location of histidine residport [22], ion-coupled amino acid transport [23], activation
and pH sensing of ion channel [24–26], and structure or
assembly of the enzymes [27,28], it is thus particularly
interesting for us to investigate the importance of these
histidine residues in vacuolar H+-PPase. In this study, we
attempted to identify the roles of histidine residues in
vacuolar H+-PPase by site-directed mutagenesis [13]. A
series of mutants with histidine residues singly replaced by
alanine was constructed, over-expressed in Saccharomyces
cerevisiae, and then used to determine their enzymatic
activities and proton translocations [29]. Our results indi-
cate that only did the mutation of histidine residue H716
induce a significant decline in enzymatic activity, proton
translocation, and coupling ratio of vacuolar H+-PPase.
Chemical modification of mutants revealed that H716 is
probably the target residue for the attack by this modifier.
Mutation of histidine residues obviously induced a con-
formational change of vacuolar H+-PPase as determined by
limited proteolysis. Furthermore, single substitution of
histidine residues by alanine provoked different modifica-
tion in ion effects on PPi hydrolytic activity of V-PPase.
Accordingly, we suggest K+ binding site of vacuolar H+-
PPase possibly resides at the vicinity of domains embed-
ding C-terminus.2. Materials and methods
2.1. Microorganisms
The vacuolar protease-deficient haploid strain of S.
cerevisiae, BJ2168 (MATa, prc1–407, prb1–1122, pep4–
3, leu2, trp1, ura3–52), was used for heterologous expres-
sion of mung bean V-PPase [29]. BJ2168 was grown in
YEPD medium [1% (w/v) yeast extract (DIFCO, Detroit,
MI, USA), 2% (w/v) bactopeptone (DIFCO), and 2% (w/v)
dextrose]. The mutated V-PPase cDNAwas constructed into
an E. coli/S. cerevisiae shuttle vector, pYES2 (Invitrogen,
Carlsbad, CA, USA) after GAL1 promoter between HindIII
and XbaI, for heterologous expression in S. cerevisiae. XL1-
Blue (recA1, endA1, gyrA96, thi-1, hsdR17, supE44, relA1,arious vacuolar H+-PPases. Amino acid sequence of fragments containing
. Amino acids located between each fragment have been omitted for clarity.
ues of mung bean vacuolar H+-PPase.
Y.Y. Hsiao et al. / Biochimica et Biophysica Acta 1608 (2004) 190–199192lac [FV proAB, lacIqZDM15, Tn10 (Tetr)]) was used for
plasmid manipulation. The transformation of yeast was
performed by the method of Gietz et al. [30]. All the
plasmid DNA’s were extracted using Gene-Spink DNA
extraction kit (Protech, Taiwan) as recommended by the
manufacturer.
2.2. Site-directed mutagenesis
All mutations were generated by PCR megaprimer meth-
od using VentR as DNA polymerase [31]. Mutagenic
oligonucleotides were designed to singly substitute each
His codon on cDNA sequence of V-PPase. The sequences of
the mutated oligonucleotides (positions of His codons
presented in brackets and positions of mutation underlined)
were:
H68A 5V-CGACGACGTT[GGC]GTCGTTGATGC-3V
H319A 5V-GTTGAAT[GCC]GAGTTGACTGC-3V
H520A 5V-TCACGAATTCT[GGC]ACTCATGCCAG-3V
H704A 5V-CTTCTGAG[GCT]GCCAGAAGCC-3V
H716A 5V-CAGATTGC[GCC]AAGGCAGCAG-3V
H758A 5V-TTGCTACC[GCT]GGTGGTTTAC-3V
The final PCR products were cut with appropriated
restriction enzymes and subsequently introduced to pYES2
following the confirmation of the sequences at the mutated
sites by DNA sequencing.
2.3. Preparation of V-PPase-enriched microsomes from
yeast cells
Crude membrane fractions were prepared from the
heterologously expressing yeast as described by Kim et
al. [29] with minor modifications. Yeast cells were
cultured by diluting 400 ml of stationary phase cells into
1 l in CM medium [0.5% (w/v) ammonium sulfate, 2%
(w/v) galactose, 0.2% (w/v) yeast nitrogen base without
amino acid and ammonium sulfate, 60 Ag/ml leucine, and
40 Ag/ml tryptophan] at 30 jC. The cells were grown for
3 days and collected by centrifugation at 4000g for 10
min. The cells were resuspended in 100 mM Tris/HCl
(pH 9.4) and 10 mM dithiothreitol (DTT). The suspension
was incubated at 30 jC for 20 min with gentle shaking.
After centrifugation at 4000g for 10 min, the cells were
treated with the YP medium at 30 jC for 2 h. The YP
medium contained 100 mM Tris/Mes (pH 7.6), 1% (w/v)
yeast extract, 2% (w/v) Bacto-peptone, 1% (w/v) galac-
tose or glucose, 0.7 M sorbitol, 5 mM DTT, and lyticase
(Sigma, St. Louis, MO, USA) 1200 U/g wet weight of
cell pellet. Spheroplasts were collected by centrifugation
at 4000g for 10 min followed by resuspension in a ice-
cold homogenization buffer containing 10% (w/v) glycer-
ol, 5 mM EGTA/Tris, 50 mM Tris/ascorbate (pH 7.6), 2
mg/ml BSA, 1.5% (w/v) polyvinylpyrrollidone (Mr
40000), 1 mM phenylmethylsulfonyl fluoride (PMSF),and 10 Ag/ml pepstatin A. The spheroplast cells were
homogenized using a motor-driven Dounce homogenizer
for 10 cycles, followed by centrifugation at 4000g for
15 min to remove cell debris. The supernatant was then
aspirated and subjected to centrifugation at 84000g for
1 h. The pellet was resuspended in suspension buffer [1.1
M glycerol, 1 mM Tris/EGTA, 5 mM Tris/Mes (pH 7.6),
2 mg/ml BSA, 2 mM DTT, 1 mM PMSF, and 10 Ag/ml
pepstatin A] and then layered on to a discontinuous
sucrose density gradient consisting of 10% (w/w) and
28% (w/w) sucrose in suspension buffer. Following cen-
trifugation at 58000g for 2 h, the V-PPase-enriched
microsomes were withdrawn from the 10%/28% interface
and diluted to 10-fold of the storage buffer [5 mM Tris/
Mes (pH 7.6), and 10% (w/v) glycerol]. After centrifu-
gation at 84000g for 55 min, the precipitate was
resuspended in the storage buffer and stored at 80 jC
for later use.
2.4. Enzyme assay and protein determination
PPi hydrolytic activity was measured as the liberation of
Pi from PPi in a reaction medium [30 mM Tris/Mes (pH
8.0), 1 mM MgSO4, 0.5 mM NaF, 50 mM KCl, 1 mM PPi,
1.5 Ag/ml gramicidin D, and 20–30 Ag of microsome
protein] at 37 jC for 15–20 min. Under these conditions,
the hydrolysis of pyrophosphate is linear with concentra-
tion of vacuolar H+-PPase and time. After incubation the
reaction was terminated by a stop solution [1.7% (w/v)
ammonium molybdate, 2% (w/v) SDS, and 0.02% (w/v) 1-
amino-2-naphthol-4-sulfonic acid]. The released Pi was
determined spectrophotometrically as described elsewhere
[32,33]. For determination of optimal pH, different pH
values of reaction media were maintained by adjusting pH
value of Tris/Mes buffer. Lineweaver–Burk plot was
obtained conventionally and values of KM and Vmax were
thus determined using a SigmaPlot 5.0 software (SPSS,
Chicago, IL, USA).
Protein concentration was measured by a modified
Lowry method [34] with BSA as the standard.
2.5. Measurement of proton translocation
Proton translocation was measured as fluorescence
quenching of acridine orange (excitation wavelength 495
nm, emission wavelength 530 nm). Reaction mixture for
proton translocation contained 5 mM Tris/HCl (pH 7.6), 1
mM EGTA/Tris, 400 mM glycerol, 100 mM KCl, 1.3 mM
MgSO4, 0.5 mM NaF, and 5 AM acridine orange, and 200
Ag microsome proteins. The fluorescence quenching was
initiated by adding 1 mM sodium pyrophosphate (pH 7.6).
The ionophore, gramicidin D (5 Ag/ml), was included at
the end of each assay to confirm the integrity of the
membrane. The initial rate of fluorescence quenching
was calculated as the proton transport activity. Coupling
ratio (the ratio of proton pumping to the rate of PPi
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lyzed/min) [17].
2.6. Treatment of V-PPase with DEPC
DEPC was dissolved as stock with absolute alcohol, in
which it was stable for several weeks (data not shown). The
alcohol concentration in the incubation mixture was kept
below 5% (v/v) at which no alcohol effect was observed.
DEPC modification was conducted in a medium containing
0.4 mg/ml of microsome protein with 20 mM Tris/Mes (pH
7.0) and 1.0 mM DEPC at 37 jC for 10 min. After
incubation, the reaction mixture was diluted 25-fold with
enzyme assay solution (as mentioned above) and the enzy-
matic activity was assayed immediately.
2.7. SDS-PAGE and Western analysis
SDS-PAGE was performed according to Laemmli [35].
The samples were delipidated in 50 volumes of 1:1 (v/v)
mixture of chloroform/methanol at 20 jC for 3–4 h. The
solution was centrifuged at 10000g for 10 min. The
supernatants were aspirated, air-dried, and resuspended in
50 Al denaturation buffer [5% (w/v) SDS, 5% (w/v) 2-
mercaptoethanol, 10 mM Tris/HCl (pH 6.8), 10% (w/v)
glycerol, and 0.002% (w/v) bromophenol blue]. The solu-
tion was heated at 70 jC for 20 min before 10% (w/v) SDS-
PAGE. The gels were stained with Coomassie Blue or
electrotransferred to PVDF membrane using the semi-dry
electrotransblotting apparatus (Nova Blot, Amersham Phar-
macia Biotech, Piscataway, NJ, USA). The blots were
incubated with the rabbit polyclonal antibody raised against
the MAP-conjugated synthetic peptide of the sequence
KVERNIPEDDPRNPA, which corresponds to positions
261–275 of the substrate-binding domain of mung bean
V-PPase. Bands of immunoblots were visualized using the
Western Lightningk kit (New England Nuclear, Boston,
MA, USA) as recommended by the manufacturer.
2.8. Trypsin proteolysis assay
The TPCK-treated trypsin (Promega, Madison, WI,
USA) was dissolved in 1 mM HCl to make 0.1 mg/ml of
stock solution. The microsomal proteins (15 Ag) were
incubated with trypsin solution at ratio of 100:1 (w/w) on
37 jC bath for 20 min. The proteolysis was stopped by
adding the denaturation buffer followed by heating at 95 jC
for 15 min. The samples were subjected immediately to 10%
(w/v) SDS-PAGE. Western analysis was performed as
described above.
2.9. Control over K+, Na+, and Ca2+ contamination
The background concentrations of K+, Na+, and Ca2+
in our assay media were below 4.0, 5.0 and 20 nM,
respectively, as determined by inductively coupled plas-ma-atomic emission spectrometer (ICP-AES) at NTHU
Instrument Center, National Tsing Hua University, Hsin
Chu, Taiwan.
2.10. Chemicals
Restriction endonucleases and T4 DNA ligase were
provided from New England Biolabs (Beverly, MA,
USA). Immunoblotting reagents were obtained from Bio-
Rad (Hercules, CA, USA). DEPC was purchased from
Sigma, and PPi from E. Merck (Damstadt, Germany). All
other chemicals were of analytic grade and used without
further purification.3. Results and discussion
3.1. Expression and H+-PPase activities
The mung bean vacuolar H+-PPase encoding cDNA
(VVP) was incorporated into yeast expression vector
pYES2 and transcribed efficiently in yeast under the control
of the promoter of GAL1 (cf., [13,17,29]). The V-PPase-
enriched membranes from transformants were successfully
prepared by sucrose gradient centrifugation and then sub-
jected to SDS-PAGE and immunoblotting with polyclonal
antibodies specific to the deduced substrate-binding site of
V-PPase (Fig. 2A). The V-PPase enriched fraction produced
primarily a 73 kDa protein that could be solely recognized
by antibodies. The heterologously expressed V-PPase com-
prised about 15% of the total membrane proteins (data not
shown). The partially purified microsomal membranes dis-
played PPi hydrolysis and PPi-associated proton transloca-
tion (Fig. 2B and C), whereas that transformed by pYES2
alone showed only negligible PPase reactions. Both reac-
tions could be stimulated 5–7-fold by 50 mM KCl, but
substantially inhibited by 5 mM NaF, 100 mM NaCl, and
0.1 mM CaCl2 to the appropriate extent (Fig. 2B and C).
Moreover, the PPi-dependent pH gradient could be col-
lapsed by the addition of ionophore, gramicidin D, indicat-
ing the integrity of microsomal membranes and the
electrogenic H+-transport in vesicles. These results demon-
strated that the expressed protein is in a good agreement
with mung bean vacuolar H+-PPase and our expression
system is feasible for further studies.
To investigate the roles of histidine residues in vacuolar
H+-PPase, a series of mutant DNA with histidine residues
singly replaced by alanine were routinely generated and
heterologously expressed in yeast. The microsomal mem-
branes of transformants contained over-expressed V-PPase
as visualized by immunoblotting at positions in the vicinity
of molecular mass of 73 kDa (Fig. 3A). The efficiencies of
the expression were similar, regardless the mutation at
different histidine residues. PPi hydrolysis and its associated
proton translocation of mutants were measured as shown in
Fig. 3B and C. Most transformants except H716A retained
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95%) to the wild-type. The PPi hydrolysis of H716A was
considerably inhibited by 30–50% of the wild-type, sug-
gesting that this histidine residue probably plays a crucial
role in sustaining the enzymatic reaction of vacuolar H+-
PPase. Furthermore, the proton pumping activities of
mutants were decreased variously to 80–25% of the wild-
type. Among variants, proton transport reactions of H319A
and H716A were remarkably declined to 49% and 26% ofthe wild-type, respectively, implying that these two histidine
residues might be involved in the H+ translocation of V-
PPase. Moreover, the coupling ratios were calculated and
results showed those of both mutants were approximately
decreased to 50% of the wild-type (Fig. 3D), confirming
possible contribution of these two residues in proton trans-
port. However, the involvement of these residues may be
indirect, since there exists partially residual activities in both
enzymatic and proton translocating reactions. Nevertheless,
these alterations came directly from the effect of single
amino acid substitution, since all mutants displayed similar
efficiency of expression in yeast microsomes.
3.2. Kinetic properties of mutants
Effects of histidine mutation on kinetic properties of V-
PPase were scrutinized. A conventional Lineweaver–Burk
plot of vacuolar H+-PPase yielded an apparent KM value of
142.8F1.3 AM and an apparent Vmax value of 45.5F0.5
Amol PPi consumed/mg protein h for substrate Mg2+-PPi,
respectively (data not shown). The apparent KM and Vmax
values of each mutant were then determined and are also
summarized in Table 1. The apparent KM values of H716A
was similar to wild-type; albeit, its apparent Vmax value was
decreased to approximately 40%. We speculate that the
mutation at this residue brought the conformation into a
state hindering only the hydrolytic reaction but not affinity
of the substrate. Alternatively, we could not exclude other
possibilities rendering the decrease in Vmax but not KM
values of H716A. Furthermore, apparent Vmax values of
H319A, H704A, and H758A were slightly altered (76–
85% of the wild-type), whereas those of H68A and
H520A remained relatively unchanged. Besides, apparent
KM values of most mutants were not modified, thus
indicating the mutation at these histidine residues exert
no significant effect on the accessibility of substrate to the
active site of vacuolar H+-PPase. These results concur
with those using DEPC as inhibitor [18], implicating possi-
ble involvement of the essential histidine residue in catalytic
reaction of V-PPase.
The pKa value of imidazole moiety of histidine is
presumably at pH 6.0. We are thus interested in determiningFig. 2. Heterologous expression of mung bean vacuolar H+-PPase in yeast.
The cDNA of mung bean vacuolar H+-PPase was inserted in expression
vector pYES2 followed by transformation and expression in S. cerevisiae.
Microsomal membranes were prepared and then subjected to various assays
under conditions as described under Materials and methods. (A) SDS-
PAGE (left-hand panels) and immunoblot analysis (right-hand panels) of
expressed V-PPase. (B) Enzymatic activities of transformants. (C) PPi-
supported H+ translocation. Reaction was initiated by adding 1.0 mM PPi.
At the end of each reaction, 5 Ag gramicidin D (G) was added to stop the
fluorescence quenching of acridine orange. The initial rate of fluorescence
quenching was calculated as the proton transport activity. The concen-
trations of ions: 50 mM K+, 100 mM Na+, 0.1 mM Ca2+, and 5 mM F. The
arrowheads indicate the location of V-PPase. VPPase, expressed V-PPase;
pYES2, vector without V-PPase insert. Values are meansFS.D. from at
least three separate experiments.
Fig. 3. Expression of mutant V-PPases. Heterologous expression, preparation of membrane fractions, and reaction assays are the same as in Fig. 2, except using
mutant V-PPases as indicated. (A) V-PPase proteins from microsomal fractions of each mutant were visualized by immunoblotting with anti-V-PPase antibody.
(B) PPi hydrolysis activities of each mutant. (C) PPi-dependent proton translocation of mutant microsomal membranes. The initial rate of fluorescence
quenching was calculated as the proton transport activity. (D) Relative coupling efficiency of mutant microsomal membranes. Coupling ratio is expressed as
(DF%/min)/(Amol PPi hydrolyzed/min), where DF%/min is the initial rate of relative fluorescence quenching of acridine orange. Values are meansFS.D. from
at least three separate experiments.
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residues are singly replaced. Fig. 4 depicts the pH profile of
several histidine mutants of vacuolar H+-PPase. For the
wild-type, the optimum pH of vacuolar H+-PPase is approx-
imately at pH 7.6. Upon substitution of histidine residue,
optimum pH values of most mutants remained unchanged,
except H704A at pH 7.1 and H716A at 6.8. The shift of
optimum pH reveals that the enzyme conformation of these
two mutants might be different from the wild-type, resultingin the exposure of other acidic residues to the environments.
The conformational change of H716A is likely more drastic
than other mutants, since it showed a broader drift in
optimum pH.
3.3. Sensitivities of mutants to DEPC
Previous studies demonstrated that histidine-specific
modifier, DEPC, could inhibit the enzymatic activity and
Table 1
Kinetic properties of mutant V-PPases
Mutants Vmax
(Amol/mg protein h)
KM
(AM)
pH
optimum
T1/2
(jC)
WT 45.5F0.5 (1.00) 142.8F1.3 (1.00) 7.6 62.8
H68A 43.5F0.4 (0.96) 129.8F1.1 (0.91) 7.6 64.3
H319A 38.7F0.2 (0.85) 140.8F0.6 (0.99) 7.6 60.8
H520A 48.7F1.8 (1.07) 136.9F4.2 (0.96) 7.6 63.8
H704A 34.5F0.7 (0.76) 123.4F1.8 (0.86) 7.1 62.5
H716A 18.8F0.2 (0.41) 135.3F0.8 (0.95) 6.8 63.0
H758A 35.7F0.6 (0.78) 128.2F1.7 (0.90) 7.6 61.5
Microsomes containing heterologously expressed V-PPase were prepared
from S. cerevisiae as described under Materials and methods. Histidine
residue singly substituted by alanine is indicated as the names of each
mutant shown. Values are meansFS.D. from at least three separate
experiments.
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of an essential histidine residue in these reactions [18]. It is
particularly interesting to identify histidine residue(s) con-
ferring DEPC inhibition. At 1.0 mM DEPC, the enzymatic
activity of the wild-type V-PPase was reduced to approxi-
mately 38% of the untreated (Fig. 5). At the same concen-
tration of DEPC, most mutants, except H716A, could be
inhibited to a similar extent as that of the wild-type. In the
presence of DEPC, H716A retained approximately 80% of
the enzymatic activity as compared to in its absence. The
extent of DEPC inhibition on enzymatic activities of mutantFig. 4. The pH profile of enzymatic activities of each mutant V-PPase. PPi
hydrolysis of each mutant V-PPases was measured at different pHs of
reaction medium as described under Materials and methods. The pH values
were maintained using 30 mM Mes/Tris. (.), WT; (E), H319A; (z),
H704A; (5), H716A. Values are meansFS.D. from at least three separate
experiments.vacuolar H+-PPases depends on concentrations of inhibitor
and incubation time (data not shown). The relative resis-
tance of H716A against DEPC inhibition leads to a sugges-
tion that this residue is the major target for the attack of the
modifier in wild-type as well as other mutant H+-PPases.
However, we cannot exclude the possibility that mutation at
H716 may induce a conformational change, preventing the
access of DEPC to target residue(s).
3.4. Ion effects on enzymatic activities
Vacuolar H+-PPase requires relatively high concentration
of K+ for optimum activities, while Ca2+, Na+ and F could
substantially inhibit its enzymatic reaction (cf. Fig. 2; [6–
8]). The ion effects on the wild-type and the mutant V-
PPases were examined and summarized in Table 2. K+ (50
mM) could stimulate PPi hydrolysis of vacuolar H
+-PPase
by approximately 7.2-fold. Mutation of histidine residues
brought about different degree of modification in the stim-
ulation of vacuolar H+-PPase activities by K+. For instance,
the stimulation of H704A, H716A and H758A by K+ was
decreased to 6.1-, 2.8- and 5.6-fold, respectively. It is
generally accepted that there are mainly two subcategories
of V-PPases regarding the sensitivities to K+-stimulation
[3,36–38]. Type I V-PPases are sensitive to K+, but type IIFig. 5. Inhibition of vacuolar H+-PPase by DEPC. The DEPC pretreatment
of each mutant and enzyme assay were as described under Materials and
methods. The concentration of DEPC was 1.0 mM. SA(FDEPC), specific
activity in the presence (+) and absence () of DEPC. Values are
meansFS.D. from at least three separate experiments.
Table 2
Ion effects on mutant V-PPases
Mutants K+-stimulation
(fold)
F-inhibition
(%)
Na+-inhibition
(%)
Ca2+-inhibition
(%)
WT 7.2F0.2 66F6 40F1 64F2
H68A 7.6F0.4 39F3 22F3 68F1
H319A 8.2F0.2 37F5 20F3 67F3
H520A 7.1F0.3 54F2 38F2 70F4
H704A 6.1F0.2 43F1 29F2 68F1
H716A 2.8F0.5 27F2 21F2 57F1
H758A 5.6F0.3 67F1 24F1 70F3
Microsomes containing heterologously expressed V-PPase were prepared
from S. cerevisiae as described under Materials and methods. Histidine
residue singly replaced by alanine is indicated as the names of each mutant
shown. The concentration of ions: 50 mM K+, 5 mM F, 100 mM Na+ and
0.1 mM Ca2+. Values are meansFS.D. from at least three separate
experiments.
Fig. 6. Trypsin digestion of vacuolar H+-PPase. Microsome membrane
solution (15 Ag of protein) was incubated with TPCK-treated trypsin at
protein/trypsin ratio of 100:1 (w/w) at 37 jC for 20 min followed by SDS-
PAGE and Western blot analysis as described under Materials and methods.
Control, wild-type without trypsin treatment.
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onstrated that replacement of A460 of type I H+-PPase from
C. hydrogenoformans by lysine residue successfully turned
the enzyme from K+-sensitive (type I) into K+-insensitive
(type II) forms, indicating possible involvement of K+
binding at this site [36]. In the present study, K+ stimulation
of vacuolar H+-PPase activities was significantly alleviated
upon mutation at H716. We speculate that the loop accom-
modating H716 may fold into the vicinity of A537, the
putative K+ binding site of vacuolar H+-PPase equivalent to
A460 of that from C. hydrogenoformans, (cf., Ref. [36] and
Fig. 2 of Ref. [9]). Furthermore, it has been shown that
H716 locates in the vicinity of the proposed ‘‘Acidic 2’’
motif, DX3DX3D, in an active domain on cytosolic side of
microsomal membrane (loop m; cf., Ref. [9]). It is likely that
the fragment containing H716 and ‘‘Acidic 2’’ motif on C-
terminus probably plays an indispensable role in sustaining
enzymatic reaction and K+ stimulation of V-PPase. Alter-
natively, we cannot exclude the possibility that the mutation
of H176 may induce a long-distance conformational change,
resulting in the decrease in enzymatic activity and the K+-
stimulation of V-PPase.
Furthermore, the PPi hydrolytic activity of the wild-type
could be 66% inhibited in the presence of 5 mM F.
However, most mutants displayed lower sensitivity to F
inhibition under similar conditions. For example, H716A
was only 27% inhibited, whereas H68A and H319A were
39% and 37% suppressed by F, respectively. It is possible
that the mutation of histidine residues changes the structure
of vacuolar H+-PPase, preventing further inhibitory effects
of F on V-PPase. The binding site of F is not identified
yet; albeit, it is suggested that F may interfere the chelating
of Mg2+ as a cofactor, consequently reducing V-PPase
activity [39]. The environment of F binding site is obvi-
ously more sensitive to structural variations induced by the
mutation at histidine residues.
Na+ is also known to inhibit the enzymatic activity of
vacuolar H+-PPase. At 100 mM of Na+, the enzymatic
activity of vacuolar H+-PPase declined to about 40% ofthat in its absence. Upon mutation at histidine residues, the
Na+ inhibition of PPi hydrolytic activities of most mutants,
except H520A, were relieved by approximately 2-fold.
Obviously, these mutants provide a better environment to
avoid the binding of Na+, consequently attenuating its
inhibitory effect. In contrast, the mutation of histidine
residues of vacuolar H+-PPase did not provoke any change
in Ca2+ inhibition of its enzymatic activities. The binding
cage of Ca2+ is presumably more resistant to the confor-
mational modification induced by mutation at histidine
residues. The various effects of mutation at histidine
residues on ion sensitivities indicate that the binding sites
and interaction mechanisms of these ligands in vacuolar
H+-PPase are distinct, subject to different degrees of
changes in responsiveness.
3.5. Thermal stability and proteolytic analysis
Analysis of thermal stability of enzymes provides struc-
tural information of proteins interested. We pretreated the
vacuolar H+-PPase at different temperature, cooled it on ice
bath, and then measured its enzymatic activity. The thermal
stability of vacuolar H+-PPase was scrutinized and T1/2
values (pretreatment temperature at which half enzymatic
activity is then observed) were determined (Table 1). The
PPi hydrolytic activity of wild-type V-PPase was relatively
constant at pretreatment temperature below 50 jC, beyond
which the activity declined instead (date not shown). The
temperature profile displays a T1/2 value of 62.8 jC for
wild-type V-PPase. Similarly, T1/2 values of mutants were
accordingly determined. Our results indicate, however, T1/2
of H68Awas slightly increased, while that of H319A mildly
decreased (Table 1). The rest of the mutants failed to show
any significant difference in T1/2 values from the wild-type.
It is obvious that possible conformational changes following
substitution of most histidine residues by alanine did not
trigger drastic variation in their heat stability.
Protease vulnerability of enzymes is a good marker for
examining the structural changes of proteins. Microsomes
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tion and then visualized by immunoblotting (Fig. 6). Upon
incubation with TPCK-treated trypsin, at protein/protease
ratio of 100:1 (w/w) at 37 jC for 20 min, V-PPase was
partially digested. Under similar conditions, however, most
mutant proteins were almost completely digested as com-
pared to wild-type protein. The mutation at histidine resi-
dues presumably exposed more cleavage sites of V-PPase to
trypsin attack. Furthermore, in the presence of physiological
substrate, Mg2+ PPi, different degree of partial protection of
mutant H+-PPases against trypsin digestion was observed.
Under the protection of physiological substrate, H68A,
H704A, H758A were relatively resistant, while H319A,
H520A, and H716A were still seriously vulnerable to
trypsinolysis. Conceivably, these histidine residues may
participate in the maintenance of the architecture of V-PPase
and their replacements by alanine may result in a structure
more susceptible to the attack by trypsin.
In summary, this work shows H716A, probably a major
target conferring DEPC inhibition, plays an essential role in
the enzymatic and translocating reactions of vacuolar H+-
PPase. Substitution of H716 by alanine residue might
change the structure of V-PPase and consequently alter its
characteristics, such as susceptibility to proteolysis, ion
effects, and optimal pH. The exact mechanism of the
involvement of H716 in structure–function relationship of
vacuolar H+-PPase remains to be determined.Acknowledgements
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